The basic helix-loop-helix transcription factor Twist1 is essential for normal limb development. Twist1 −/− embryos die at midgestation. However, studies on early limb buds found that Twist1 −/− mutant limb mesenchyme has an impaired response to FGF signaling from the apical ectodermal ridge, which disrupts the feedback loop between the mesenchyme and AER, and reduces and shifts anteriorly Shh expression in the zone of polarizing activity. We have combined Twist1 null, hypomorph and conditional alleles to generate a Twist1 allelic series that survives to birth. As Twist1 activity is reduced, limb skeletal defects progress from preaxial polydactyly to girdle reduction combined with hypoplasia, aplasia or mirror symmetry of all limb segments. With reduced Twist1 activity there is striking and progressive upregulation of ectopic Shh expression in the anterior of the limb, combined with an anterior shift in the posterior Shh domain, which is expressed at normal intensity, and loss of the posterior AER. Consequently limb outgrowth is initially impaired, before an ectopic anterior Shh domain expands the AER, promoting additional growth and repatterning. Reducing the dosage of FGF targets of the Etv gene family, which are known repressors of Shh expression in anterior limb mesenchyme, strongly enhances the anterior skeletal phenotype. Conversely this and other phenotypes are suppressed by reducing the dosage of the Twist1 antagonist Hand2. Our data support a model whereby multiple Twist1 activity thresholds contribute to early limb bud patterning, and suggest how particular combinations of skeletal defects result from differing amounts of Twist1 activity.
Introduction
Limb patterning is coordinated by discrete signaling centers, located within the limb mesenchyme or overlying ectoderm (reviewed in (Zeller et al., 2009) ). Anteroposterior patterning is primarily regulated by Sonic hedgehog (Shh) produced within the posterior mesenchymal zone of polarizing activity (ZPA) (Riddle et al., 1993) , while proximodistal outgrowth is regulated by fibroblast growth factor (FGF) signals produced by the distal ectodermal apical ectodermal ridge (AER) (Fallon et al., 1994; Niswander et al., 1993) . Patterning requires both appropriate responses to these signals, and precise temporally and spatially regulated signal expression. Thus ectopic Shh expression in anterior limb mesenchyme causes preaxial polydactyly (Riddle et al., 1993) , while AER disruptions lead to skeletal element loss (Boulet et al., 2004; Saunders, 1948; Sun et al., 2002) .
Shh expression is regulated by combinatorial interactions between positive and negative transcription factors and growth factor signaling. Posterior mesenchyme is made competent to express Shh by multiple transcription factors (Davenport et al., 2003; te Welscher et al., 2002; Zakany et al., 2004) . These work in concert with AER-derived FGF signals to induce Shh expression, although whether secondary signals downstream of FGF are required for Shh expression has not been determined. Shh expression is maintained in competent tissue by a positive feedback loop between Shh and Fgf4/Fgf8 in the posterior AER (Laufer et al., 1994; Niswander et al., 1994) . Competence factors for Shh expression include Hand2 and Tbx3, which are expressed in posterior limb mesenchyme, initially in response to primary axial patterning cues, and later in response to Shh signaling (Charite et al., 2000; Davenport et al., 2003; Fernandez-Teran et al., 2000; te Welscher et al., 2002) . Shh expression is prevented in anterior and distal limb mesenchyme by other transcription factors, including Alx4 (Qu et al., 1997) , and the Ets family proteins Etv4 (Pea3) and Etv5 (Erm) that act downstream of AERderived FGF signals (Mao et al., 2009; Zhang et al., 2009 ). Thus Shh expression reflects a balance between positively and negatively acting factors that position the Shh expression domain along the anteroposterior and proximodistal axes.
Twist1 is a bHLH transcription factor implicated as a regulator of limb development (Cai and Jabs, 2005; Chen and Behringer, 1995; O'Rourke et al., 2002; Zuniga et al., 2002) . Twist1 is expressed in lateral plate mesenchyme prior to limb outgrowth and becomes progressively restricted to the peripheral mesenchyme within the limb. In Twist1 −/− mice forelimb growth is stunted (Chen and Behringer, 1995) , which correlates with failure of AER maintenance, and induction of ectopic posterior mesenchymal cell death Zuniga et al., 2002) . Molecular marker analysis suggests a positive feedback loop between Fgf10 in the mesenchyme and Fgf8 in the AER breaks down, as Fgfr1 expression is lost from Twist1 −/− limb mesenchyme. Shh expression is severely reduced and shifted to more distal mesenchyme in Twist1 −/− forelimbs.
Expression of several Shh-and FGF-dependent patterning genes is also abnormal Zuniga et al., 2002) . A number of genes apparently downstream of Twist1, including Alx family genes, have been identified (Loebel et al., 2002) . However the functional significance and specificity of these gene expression changes has not been assessed because Twist1 −/− embryos die by embryonic day (E) 10.5, prior to significant limb outgrowth. Genetic evidence suggests that Twist1 also negatively regulates Shh signaling and/or Shh expression in anterior limb mesenchyme. Twist1 +/− mice or human Saethre-Chotzen syndrome (SCS) patients who display a TWIST1 haploinsufficiency have mild, and variable, distal limb abnormalities (Bourgeois et al., 1998; Cai and Jabs, 2005; Firulli et al., 2005) . These include hindlimb preaxial polydactyly, which is bilateral in 25% of Twist1 +/− mice (Bourgeois et al., 1998) .
The murine polydactyly is completely suppressed by reducing the gene dosage of Hand2, a member of the Twist bHLH family that is a positive regulator of Shh expression (Firulli et al., 2005) . In chick limbs Twist1 overexpression can reduce the severity of Hand2-induced preaxial polydactyly (Firulli et al., 2005) . While an antagonistic balance between Twist1 and Hand2 activities is thus required for normal anteroposterior patterning, the molecular changes are not well described because of the low expressivity of the Twist1
phenotype.
Comparing the Twist1 +/− morphological phenotype with the Twist1 −/− molecular phenotype raises inconsistencies that suggest relatively complex functions for Twist1 in early limb development. Notably, more severe phenotypes than mild hindlimb polydactyly would be predicted from the changes in both forelimb and hindlimb gene expression patterns observed in null mutant embryos. Recently a novel murine Twist1 allele was identified in an ENU mutagenesis screen. Charlie Chaplin (Twist1   CC   ) encodes an S192P amino acid substitution that disrupts the function of a C-terminal protein interaction domain (Bialek et al., 2004) . Fifty-two percent of Twist1 CC/+ mice were reported to have bilateral hindlimb polydactyly, while Twist1 CC/CC mice have short limbs and hindlimb polydactyly, but die perinatally. Thus Twist1 CC mutants are affected relatively severely and survive long enough to allow the integrated analysis of Twist1 morphological and molecular phenotypes. We generated a Twist1 allelic series using Twist1 CC and Twist1 − mutant alleles to ask how progressively reducing Twist1 activity affects limb development and patterning. Twist1 mutant phenotypes include discrete temporal and spatial molecular defects, with concordant and dramatic changes in limb and girdle cartilage pattern. Furthermore we find that Twist1 positions the posterior Shh domain along the anteroposterior axis in a dosage sensitive manner and is a major negative regulator of Shh expression in the anterior limb. Twist1 apparently exerts its effects through a network of transcription factors that include Etv and Alx family genes, each of which contributes to aspects of the Twist1 phenotype. We provide a model that shows how posterior defects in early signaling center regulation can cause loss of anterior skeletal elements, and that is consistent with different thresholds of Twist1 activity regulating different aspects of limb patterning.
Materials and methods

Mouse strains and genotyping
Animal experiments were performed according to Columbia University Institutional Animal Care guidelines. Noon on the day of the mating plug was considered E0.5. Hand2
− (Srivastava et al., 1997) ,
; (Chen and Behringer, 1995) , Shh LacZ (Shh − ; (Jeong et al., 2004) , Twist1
Skam10Jus (Twist1 CC ; (Bialek et al., 2004) , Twist1 flox (Chen et al., 2007) , Prx1-cre Tg (Logan et al., 2002) ,
; (Livet et al., 2002) and Etv5 LacZ (Etv5 − ; (Lu et al., 2009 ) alleles were maintained on B6, 129Sv or 129Sv.B6 backgrounds. Mice were genotyped by PCR, and Twist1 CC T707C substitutions were confirmed by sequencing.
Skeletal stains, digit scoring and in situ hybridization
Bone/cartilage stains were performed using Alcian blue/alizarin red S staining as described (Webb and Byrd, 1994) . Digits were scored on the basis of phalange number and morphology (Patton and Kaufman, 1995) . Whole-mount and section in situ hybridization was performed as described (Laufer et al., 1997) . All gene expression analyses were performed on 3 or more limbs. Riboprobes used: Fgf8 (Crossley and Martin, 1995) , Shh (Roelink et al., 1994) , Twist1 (Chen and Behringer, 1995) , Hand2 (Srivastava et al., 1995) , HoxA11 (Davis et al., 1995) , HoxD11 (Burke et al., 1995) , Ptch1 (Marigo et al., 1996) , Tbx2 (Chapman et al., 1996) , Tbx3 (Chapman et al., 1996) , Spry1 (Zhang et al., 2001) , Pax1 (Balling et al., 1988) , Fgfr1 (Peters et al., 1992) , Etv5 (Chotteau- Lelievre et al., 2001 ), Alx4 (te Welscher et al., 2002) , Gli1 (Hui et al., 1994) , cSpry1 (Minowada et al., 1999) , cShh (Riddle et al., 1993) .
Chick limb experiments
Fertile SPF White Leghorn chicken eggs (Charles River) were incubated at 37.5°C in a humidified incubator and staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) . Stage 20 forelimb buds were infected with replication-defective activated Fgfr1 virus (Fgfr1*, RIS-pm174HA; (Liu et al., 2001) ), and limbs harvested up to 42 h later. In some experiments the posterior AER was removed (Laufer et al., 1994) prior to retroviral infection. The AMV-3C2 viral gag antibody was obtained from the Developmental Studies Hybridoma Bank. Section immunohistochemistry was performed as described (Vargesson et al., 2001) .
Results
Effects of altering Twist1 activity on limb cartilage patterns
We performed the appropriate genetic crosses to generate Twist1
CC/CC and Twist1 CC/− mutant animals.
We previously found that 25% of hindlimbs in our Twist1 +/− animals were polydactylous with one ectopic preaxial digit (Firulli et al., 2005 forelimbs frequently had four digits with apparent posteriorized preaxial duplications (Fig. 1P) . Their radii were hypoplastic or aplastic (Fig. 1O) , and their humeruses lacked deltoid tuberosities (Fig. 1O ).
Twist1
CC/− forelimbs had as few as 3 digits, with striking mirror symmetry along the anteroposterior axis (Fig. 1DD) . They also had radial hypoplasia or aplasia, or an apparently duplicated ulna (Fig. 1CC ). Twist1 CC/− humeruses were severely hypoplastic (Fig. 1CC) .
The difference between Twist1 CC/CC and Twist1 CC/− hindlimbs was less pronounced than for forelimbs. Hindlimbs had five or fewer digits, with digit I always replaced by a more posterior digit; other digit identities were hard to define ( Fig. 1T, HH ; Table 1 ). The tibia was always absent in Twist1 CC/CC or Twist1 CC/− animals, but the femurs appeared normal (Fig. 1S, GG) . Twist1 CC/CC and Twist1 CC/− shoulder and pelvic girdles were also abnormal, with Twist1 CC/− skeletons again more severely affected.
Scapular phenotypes ranged from moderate hypoplasia with reduced acromion processes (Fig. 1Q ) to almost complete aplasia (Fig. 1EE ). Clavicles were also reduced, primarily within the medial endochondral segment (Fig. 1R, FF) . Within the pelvic girdle the phenotypes ranged from hypoplasia to loss of the pubic bone exclusively (Fig. 1U , II). Taken together these data reveal a complex set of limb and girdle phenotypes that affect elements at all proximodistal levels and that also impact anteroposterior identities. The progressive severity of the phenotypes across this Twist1 allelic series is also consistent with a correlated progressive reduction in Twist1 function. Despite the severity of the Twist1 CC/− phenotype, these results do not reflect complete loss of Twist1 activity in the limb bud. We therefore used a floxed conditional null allele of Twist1 (Twist1 Fx ) in combination with the Prx1-cre transgene driver (Logan et al., 2002) , to attempt complete removal of Twist1 activity from the limb mesenchyme. We generated both Prx1-cre;Twist1
CC/Fx and Prx1-cre;Twist1 Fx/− embryos. Fx/− forelimb with duplicated ulna and olecranon (JJ, arrowheads), five digits with striking mirror symmetry (KK, arrowheads), severely hypoplastic scapula (LL) and clavicle (MM); hindlimb with tibial aplasia (NN, arrow), preaxial polydactyly with disorganized cartilage elements (OO, arrowhead), and hypoplastic ischium (PP, arrow). Delays in ossification center formation due to reduced Twist1 activity were previously described (Bialek et al., 2004) . Scap: scapula, clav: clavicle, il: ilium, is: ischium, pu: pubis. (B) Twist1 CC forelimb and pelvis phenotypes are sensitive to Hand2 dosage. Hand2 null allele was crossed onto compound Twist1 genotypes as indicated. Twist1 CC/CC limbs with reduced Hand2 gene dosage (row 2) have less severe pubis hypoplasia (P columns, arrows) but still display radial aplasia (FL columns, arrows). Twist1 CC/− limbs with reduced Hand2 gene dosage (row 3) resemble less severe Twist1 CC/CC limbs, with duplicated ulnae replaced by radial aplasia (FL columns, arrows and arrowhead), increased digit number, and reduced severity of pubis hypoplasia (P columns, arrows). FL, forelimb; P, pelvis; il, ilium; pu, pubis; is, ischium. (C) Twist1 CC pubis defects were scored on a scale of increasing severity from 0 to 4 (left panels) and plotted as a percent fraction of total pelvises scored for each genotype. Reducing Hand2 gene dosage in Twist1 CC/CC or Twist1 CC/− pelvises significantly shifts pubis scores to lesser values (p b 0.001 for each, Mann-Whitney).
mutants (Fig. 1PP). If deletion of the conditional
We crossed a Hand2 null allele onto Twist1 CC mutant backgrounds and scored the resultant skeletal phenotypes (Fig. 2 Taken together these data provide additional evidence that the Twist1 CC allele acts in similar pathways to wild type Twist1. They furthermore indicate that balanced antagonism between Twist1 and Hand2 is critical for regulating development along the entire limb proximodistal axis.
Twist1 and Hand2 activities converge to regulate Shh signaling
Preaxial polydactyly is a hallmark of ectopic Shh signaling. Thus reducing Twist1 activity might lead to either ectopic Shh expression or activation of Shh signaling. We therefore examined the expression of Shh and the Shh targets in Twist1 CC/+ and Twist1 CC/+ ;Hand2 +/− hindlimbs at E11-E12, when Twist1 CC/+ ectopic anterior outgrowths are first observed (Fig. 3) . In Twist1 CC/+ hindlimbs we detected ectopic anterior Shh expression at the base of the autopod at low frequency (n =2/23 limbs, Fig. 3A, B ), similar to a previous report that a small subset of Twist1 et al., 2002) . By contrast the Shh targets Gli1 and Hand2 in limb mesenchyme and the indirect target Fgf4 in the overlying AER were each induced in 50%-75% of limbs (n =74/106 limbs in total, Fig. 3A, B ). This suggests that ectopic Shh expression is induced in most Twist1 CC/+ hindlimbs, but at a level that we cannot detect. We never observed ectopic gene expression in Twist1
CC/+ ; Hand2 +/− limbs (n=0/27 limbs; Fig. 3B ), consistent with their normal skeletal morphology at later ages. The similar frequencies of ectopic Shh target expression and hindlimb polydactyly (82%, Fig. 2A 
c Abnormal patterns include ectopic preaxial digits (CC/+ hindlimbs), loss of asymmetry (CC/CC or CC/− hindlimbs), or digit reductions and/or fusions combined with mirror symmetry across the A/P axis (CC/CC, CC/Fx, Fx/Fx or CC/− forelimbs). d n = 40 for pubis phenotypes. e n = 12 for pubis phenotypes. f n = 6 for pubis phenotypes.
were polydactylous. Reducing Shh dosage also reduced the severity of the polydactyly: none of the double mutant limbs had an ectopic digit 2, compared to two-thirds of the Twist1 single mutants. These results provide evidence that high levels of Twist1 activity are required primarily to repress Shh expression in anterior limb mesenchyme.
Signaling center defects in Twist1 CC compound mutant limb buds
To better understand the changes underlying the more complex skeletal phenotypes of the compound Twist1 mutants, we analyzed limb buds during the time when pattern is established. From E9.5 Twist1 CC/CC and Twist1 CC/− forelimb buds were smaller along the anteroposterior axis, and tapered distally compared to controls. Subsequently at E11.5 they were narrowed and curved anteriorly (Fig. S3A) . By E12.5, the anterior mesenchyme had expanded significantly, although more in Twist1 CC/CC than Twist1 CC/− limbs, and curved dramatically anteriorly while the zeugopod remained narrow (Fig. S3A, C) . Hindlimb buds resembled forelimb buds, displaying an almost 90 degree turn towards the anterior by E12.5 (Fig. S3A, C) . Molecular analyses of signaling center marker expression revealed that prior to substantial limb outgrowth, from 20 to 25 somite stages, the anteroposterior extent of Fgf8 expression in the AER was reduced (Fig. 4Af, k) . As forelimb outgrowth proceeded, this progressed into an absence of posterior Fgf8 expression (Fig. 4Ag, l) . As the autopod curved anteriorly, Fgf8 expression expanded anteriorly (Fig. 4Ah, m) . In the hindlimb the early absence of posterior expression was less pronounced (Fig. 4Ai, n) , but the anterior Fgf8 boundary expanded and persisted longer than normal (Fig. 4Aj, o) .
Shh expression in the mutant embryos was dynamic (Fig. 4B) . Early forelimb bud expression shifted distally, compared to normal posterior mesenchyme expression, and Shh-positive cells were slightly dispersed (Fig. 4Ba, g ). In early hindlimbs, expression was slightly elevated, and possibly anteriorly shifted, but not as severely as in mutant forelimbs (Fig. 4Bi, n) . Shh expression then shifted to the posterior margin of the narrow, tapered limb buds (Fig. 4Bl, o) . As the autopod expanded, an additional anterior Shh domain appeared. This domain was very robust in mutant forelimbs, but weak in mutant hindlimbs (Fig. 4Bh, f, m, p) . Thus Twist1 compound mutants display complex multiphasic changes in gene expression, with posterior effects followed by anterior ones.
FGF signaling is reduced in Twist1 mutant limbs
The early reduction in the size of the Fgf8 expression domain in the AER suggested that overall FGF signaling might be reduced in the Twist1 CC compound mutants. This would be consistent with previous reports that Fgfr1 expression was severely reduced in Twist1 Zuniga et al., 2002) . We therefore examined expression of Fgfr1, and the FGF targets Spry1 (Mason et al., 2006) and Etv5 (Mao et al., 2009; Zhang et al., 2009 ). Fgfr1 expression was reduced, but present, in both forelimb and hindlimb mutant mesenchyme (Fig. 5A ). Spry1 was expressed in the subridge mesenchyme in wild type limbs, but was absent from posterior mesenchyme and reduced anteriorly and distally in mutant limbs (Fig. 5A) . Similarly, Etv5 expression was reduced, most strongly in forelimb posterior mesenchyme. Thus there is reduced but active FGF signaling in much of the Twist1 compound mutant mesenchyme. It is striking that there is no Shh expression in the posterior of mutant forelimb buds, even though there is posterior Fgfr1 expression. While it is known that FGF signals are required for Shh expression, it is unclear whether Shh is induced autonomously in cells that transduce the FGF signal, or if FGF-dependent secondary signals are required. If Shh is induced autonomously, then the lack of Fgf8 expression in the overlying posterior ectoderm might explain the lack of posterior Shh expression. To test how directly Shh is induced, we infected small groups of cells in chick limb buds with a replication defective virus expressing constitutively active Fgfr1 (Fgfr1* (Liu et al., 2001) ) and assayed for Shh expression in infected cells. Sections were processed sequentially by in situ hybridization for Spry1 or Shh expression, then immunostained for retroviral gag expression to identify infected cells. The Fgfr1* virus induced Spry1 expression in anterior, central and posterior limb mesenchyme, whereas it induced Shh expression only near the posterior margin (Figs. 5B, S4 ). This restriction is consistent with other observations that the competence for Shh expression is limited to posterior mesenchyme by additional inputs that include both cell-autonomous transcription factors and non-autonomous signals from the overlying ectoderm (Zeller et al., 2009) . In image overlays comparing the distribution of infected cells with the induced mRNA, there was excellent concordance between retroviral infection and induced patches of either Spry1 or Shh mRNA (Figs. 5B, S4A,B) . In some experiments the posterior AER was removed prior to infection to eliminate the major endogenous source of posterior FGF activity (Laufer et al., 1994) , and Shh expression was still detected in some infected cells (Fig. S4C) . These data provide evidence that Shh, like Spry1, is expressed by cells that receive FGF signals. While these data imply that no intermediary signal downstream of FGF is involved, they do not obviate the need for additional factors to impart competence for Shh expression to limb mesenchymal cells.
Twist1 regulates transcription factor expression
Null mutant mice for other transcription factors, notably within the Pax and Alx gene families, have limb and girdle cartilage phenotypes similar to the Twist1 CC mutants (Balling et al., 1988; Kuijper et al., 2005) .
While none is as severe as the Twist1 CC mutant phenotype, together they share many aspects, including preaxial polydactyly, anterior element aplasia and girdle defects. Previous reports showed that several of the genes are downregulated in Twist1 −/− mutants. Pax1, which is required for scapula development, was also significantly reduced in Twist1 CC mutants (Figs. 6A, S3 ). We also found that Alx4, which is normally expressed in anterior limb mesenchyme, is markedly reduced in forelimb buds of Twist1 CC mutants, but is affected only mildly if at all in hindlimb buds (Figs. 6B, S3 ). These results are consistent with the idea that at least part of the Twist1 CC phenotype is due to misregulation of a network of downstream transcription factors. We next examined whether the expression boundaries of genes implicated in positioning Shh expression in the early limb bud, Tbx2, Tbx3 and Hand2 (Davenport et al., 2003; te Welscher et al., 2002) , might be altered in Twist1 CC mutants. As Shh expression is initiated, Tbx3 and Hand2 are expressed in approximately the posterior onethird of normal forelimb buds. In Twist1 CC/− forelimbs both the Tbx3 and Hand2 expression boundaries are apparently unaffected through the 27 somite stage, prior to the onset of Shh expression (Fig. 6E, F) . These borders do, however, shift anteriorly after Shh expression is initiated (Fig. 6E, F) . The anterior expression border of Tbx2 is also extended anteriorly in the Twist1 CC mutants after Shh expression begins (Fig. 6D ). As each of these genes is responsive to Shh signaling (Lu et al., 2009 ), these changes are likely secondary to the shifting of the Shh expression domain. We also asked whether expression of more downstream effectors of limb patterning, such as HoxA or HoxD cluster genes was normal in Twist1 CC mutants. HoxD11, which is normally expressed in posterior and distal limb mesenchyme, is expressed ectopically in anterior proximal forelimb and hindlimb buds of E10.5 Twist1 CC compound mutant embryos (Figs. 6C, S3 ). By contrast HoxA11 is expressed normally in a zeugopodal domain in the mutants (Fig. S3) . These results are consistent with posteriorization of the anterior mesenchyme, but normal proximodostal specification of the zeugopod.
Twist1 interacts genetically with Etv genes
Our molecular analyses and previous studies highlight the interaction of Twist1 function with FGF signaling. Interestingly, we detect ectopic anterior Shh expression concomitant with reduced Etv5 expression, which was recently identified as a negative regulator of anterior and distal limb Shh expression downstream of FGF signaling (Mao et al., 2009; Zhang et al., 2009 ). Thus Twist1 and Etv genes might function in the same genetic pathway. To test this, we crossed Twist1 CC/+ mice with Etv4 and Etv5 null mutant mice (Livet et al., 2002; Lu et al., 2009 ) to progressively reduce Etv gene dosage, as Etv4 and Etv5 have overlapping functions (Lu et al., 2009; Mao et al., 2009; Zhang et al., 2009 Table 2 ). Hindlimb phenotypes were also enhanced, with the strongest phenotypes including tibial aplasia and polydactyly (Fig. 7W, X) . Strikingly we did not observe any defects in more proximal limb elements or the girdles. Removing up to 3 copies of the Etv genes in the context of two wild type Twist1 alleles had almost no effect on skeletal pattern. The only limb defect we observed was a small preaxial cartilage digit that formed in one forelimb of a Etv4 −/− ;Etv5 +/− pup (Fig. 7F ). These data provide evidence of strong dosage-sensitive interactions between Twist1 and Etv genes to pattern the more distal limb skeleton.
Discussion
Previous studies aimed at understanding the role of Twist1 during limb development have been hampered by impaired limb bud outgrowth and early embryonic lethality of Twist1 −/− embryos (Chen and Behringer, 1995; O'Rourke et al., 2002; Zuniga et al., 2002) . Using an array of Twist1 mutant alleles we generated an allelic series, which reveals that Twist1 has a range of previously unidentified roles in limb and limb girdle development. We demonstrate that Twist1 regulates limb signaling center function through precise positioning of the ZPA and both inhibition and maintenance of Shh expression, as well as influencing the anterior-posterior extent of the AER. Furthermore, we provide evidence that Twist1 acts through a gene network that includes Hand2 and members of the Etv and aristaless families. Unexpectedly, we find that anterior limb skeletal morphology is most strongly affected despite severe defects in the posterior of Twist1 mutant limb buds. We present a model whereby discrete thresholds of Twist1 activity contribute to early limb bud patterning, and suggest how particular combinations of skeletal defects result from differing Twist1 levels. Our results implicate Twist1 activity as critical for repressing, positioning and maintaining Shh expression in the developing limb bud. Progressively reducing Twist1 activity, as in the transition from 
Twist1
CC/+ to Twist1 CC/− embryos, leads to progressively increasing amounts of ectopic Shh expression in the anterior of the bud. An anterior Shh domain was previously observed at low frequency in Twist1
hindlimbs (Bourgeois et al., 1998) . Twist1 CC/+ hindlimbs display ectopic Shh expression and preaxial polydactyly at higher frequency, which is suppressed by reducing either Shh or Hand2 dosage. Hand2 is expressed strongly in posterior limb mesenchyme, and is required for Shh expression (Charite et al., 2000) . The ectopic Shh expression we observe in Twist1 mutants initiates at the far anterior margin of the limb bud, yet it is extremely sensitive to Hand2 activity. This raises the question of how Hand2 might act at such a long range. One possibility is that the small, weak domain of Hand2 expressed at the base of the anterior autopod mediates this activity; perhaps this level of Hand2 expression is normally insufficient to promote Shh expression, but can do so if Twist1 activity is modestly reduced. There are interesting differences between the consequences of substantially reducing and completely removing Twist1 activity. In Twist1 CC/CC or Twist1 CC/− forelimb and hindlimb buds, there is a large ectopic Shh domain. This was unexpected, as there is no ectopic domain in Twist1 −/− limb buds. One possible explanation for this is that null mutants die before ectopic Shh expression is initiated. However we have observed ectopic Shh as early as e10.0 in Twist1
forelimbs, when null embryos are viable (Chen and Behringer, 1995) . Thus there is a sharp threshold of Twist1 activity that can support anterior Shh expression. Another activity threshold is apparent in the posterior of Twist1 CC/CC or Twist1 CC/− limbs, where reducing Twist1 activity shifts the normal Shh domain anteriorly and distally and expression is robust. A similar shift occurs in Twist1 −/− embryos, however there Shh expression is weak Zuniga et al., 2002) . This shift might be caused by anteriorly repositioning the field of cells competent to express Shh. Interestingly we found that the expression of positive factors such as Hand2 did not shift prior to the onset of Shh expression, which suggests that Twist1 is acting more directly as an inhibitor of Shh expression. These changes in Shh expression can be attributed at least in part to alterations in FGF signaling from the AER to the underlying mesenchyme. Previous studies established that Twist1 expression is downstream of FGF signaling from the AER, and is also required to maintain FGF receptor expression in the limb mesenchyme (Isaac et al., 2000; O'Rourke et al., 2002; Zuniga et al., 2002) . Consistent with these results, we find that partial reductions in Twist1 activity lead to reduced FGF receptor expression and FGF pathway activity. There is also a secondary breakdown in signaling from the limb mesenchyme to the ectoderm that leads to a reduced AER, even before Shh expression is initiated. We also found that Shh expression is apparently induced autonomously in cells that receive FGF signals, without requiring a secondary signal downstream of FGF. This contrasts with the reciprocal signaling pathway from Shh to the overlying AER, which involves intermediary Gremlin antagonism of BMP activity (Zeller et al., 2009) . Thus in Twist1 mutants the anterior shift of the posterior AER border and reduced levels of FGF signaling activity together likely contribute to the anterior shift in the posterior Shh domain.
Recent studies also implicate FGF signaling as a major antagonist of Shh expression in anterior limb mesenchyme, with a critical role played by FGF targets of the Etv gene family (Mao et al., 2009; Zhang et al., 2009) . Consistent with these observations Etv gene expression is lower when Twist1 activity is strongly reduced. By contrast in Etv conditional mutant limbs, Twist1 expression and FGF signaling activity are unaffected, suggesting that Etv function lies downstream and possibly parallel to that of Twist1 (Zhang et al., 2009) . We find that Twist1 CC/+ ;Etv mutant combinations cause preaxial polydactyly plus anterior zeugopod defects, each of which we detect in Twist1 CC/CC or Twist1 CC/− mutants. This synergistic interaction provides strong evidence in support of Etv genes mediating Twist1 activity. However in Etv mutants, the zeugopod is either unaffected, or both elements are modestly reduced (Mao et al., 2009; Zhang et al., 2009) . Furthermore in Twist1 mutants we observe as few as three digits in the forelimb autopod, consistent with a shortened AER, while Etv 
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mutants have a normal or extended AER and do not have reduced digit numbers (Mao et al., 2009; Zhang et al., 2009) . Thus changes in Etv activity account for only part of the Twist1 mutant phenotype. Our results and previous observations show that Twist1 is required for the expression of Alx3 and Alx4, members of the aristaless gene family . Twist1 might be required for expression of another family member, Cart1, but we were unable to detect any obvious differences in Cart1 expression in Twist1 mutants (not shown), because Cart1 is at low levels in the limb mesenchyme ). Single and compound loss-offunction mutants for Alx4, Alx3 and Cart1 cause progressive limb phenotypes that overlap with the progression of Twist1 mutant phenotypes. These range from weak preaxial polydactyly and missing deltoid tuberosities in single mutants to extreme polydactyly with tibial hypoplasia or aplasia in compound mutants Qu et al., 1999) . They can also exhibit shortened clavicles, abnormal scapulas, and missing or hypoplastic pubic bones (Kuijper et al., 2005) . Thus changes in aristaless-family gene activity might contribute to both limb and girdle aspects of the Twist1 mutant phenotype.
Interestingly aristaless gene expression is dependent on Twist1 primarily in the forelimb. While expansion of Hand2 into the anterior limb can repress Alx4 expression, we detect loss of Alx4 expression prior to any shift in Hand2 expression. This suggests that Shh derepression in Twist1 mutant forelimbs is affected by both aristaless and Etv activity, while in hindlimbs it is due mostly to reduced Etv function. This would be consistent with the relatively stronger skeletal phenotypes such as the ulnar duplications in Twist1 mutant forelimbs.
While Twist1 clearly modulates Shh expression and FGF signaling from the AER, its activity is not restricted to this distal mesenchyme patterning system. The limb girdles develop independent of the ZPA or AER, as neither pelvis nor scapula is affected in Shh −/− or Fgf4 −/− ; Fgf8 −/− mutant animals (Boulet et al., 2004; Chiang et al., 2001; Sun et al., 2002) . Furthermore the antagonism between Hand2 and Twist1 is not unique to distal limb mesenchyme, as the Twist1 pubic bone and clavicle defects are sensitive to Hand2 dosage. Our studies show that Twist1 levels are critically important for exerting different aspects of its function (Fig. 8) The morphological consequences of these changes reflect both the degree of AER contraction and the timing of anterior Shh expression. Derepressing Shh expression leads to an ectopic anterior Shh domain (blue arrow), with timing and magnitude proportional to reduction in Twist1 activity. 5th: This ectopic Shh extends the anterior AER, thus expanding the distal bud. Diagram: In Twist1 CC/CC mutants, the smaller bud supports only one zeugopod condensation, which is specified as posterior by Shh. In the forelimb autopod fewer elements condense, although this is partially rescued by anterior Shh, which posteriorizes these digits. In Twist1 CC/− mutants, the initial reduction in the bud is more severe, but ectopic Shh initiates earlier. This expands the presumptive zeugopod region allowing two condensations, along with posteriorization of the anterior element, resulting in a duplicated ulna. Anterior elements in the autopod are also posteriorized.
In Twist1 CC/CC limbs the most pronounced early signaling defects are on the posterior, yet only the anterior zeugopodal elements are affected. This is probably because when the limb bud narrows, the zeugopodal primordium supports formation of only one cartilage condensation, and as the Shh domain is strong and nearby, this tissue is specified as posterior. Consistent with this idea, fate-mapping experiments reveal a Shh-response only in posterior zeugopod (Harfe et al., 2004) . If Twist1 activity is further reduced, as in Twist1 CC/− limbs, then initial outgrowth is more severely compromised but is rescued by more robust and earlier ectopic Shh as well as rescue of the overlying AER. This expands the zeugopodal precursor region sufficiently to support two condensations, both of which will be specified as posterior. However this rescue occurs too late to promote normal stylopod development. This mechanism would account for both the hypoplastic humerus and duplicated ulna found in Twist1 CC/− forelimbs. Interestingly in these animals the hindlimbs have a normal femur, and no duplication of the fibula, although the tibia and autopod are severely affected. This might reflect the minimal change in Alx4 expression in the anterior hindlimb bud. Shh expression in the limb is controlled by a conserved enhancer element that is required for expression in the posterior limb bud (Ros et al., 2003; Sagai et al., 2005) , but that when mutated can also direct expression to the limb anterior (Sagai et al., 2004; Sharpe et al., 1999) . The protein complexes that interact with this element are not yet well defined (Amano et al., 2009) . But as Twist1, Hand2, Etv and aristaless family genes all encode transcription factors, they might directly regulate this enhancer element. Furthermore, these proteins have the potential to interact physically as well as genetically. Physical interaction between Twist1 and Hand2 is already well documented, and their choice of binding partners is critical for in vivo function (Barnes and Firulli, 2009; Firulli et al., 2005; Firulli et al., 2007) . It will be interesting to learn whether proteins of these other families bind to Twist1 or Hand2, or if they act less directly to mediate Twist1 regulation of Shh expression, and ultimately limb development.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2010.08.015.
